Bioleaching studies were conducted to evaluate a complex sulfide concentrate using an acidophilic microorganism. The leaching kinetics were found to vary based on pulp density, Fe and pH. In addition, the leaching efficiency increased as the Fe(II) concentration increased up to 20 kgÁm À3 , after which it decreased due to an increase in iron precipitation. Furthermore, the bacterial activity was good based on observation of the iron oxidation rate and pH and Eh studies. The leaching efficiencies decreased below 2 and 5% (w/v) in the pH and pulp density studies, respectively. Furthermore, the XRD analyses revealed the presence of various product layers, while the SEM-EDX analyses showed partial contact between different sulfide minerals that resulted in formation of a galvanic couple. The dissolution rate followed a product diffusion model. The diffusivity of Fe(III) for chalcopyrite and sphalerite were calculated. [A Residue Original sample Fig. 5 XRD pattern of concentrate and leached residue. Abbreviations: Cp-CuFeS 2 , Sp-ZnS, Ga-PbS, P-Cu 2 FeSiS 4 , Q-SiO 2 , J-(NH 4 )Fe 3 (SO 4 ) 2 (OH) 6 , S-elemental sulfur, A-PbSO 4 .
Introduction
Global demand for base metals such as Cu, Pb and Zn is increasing due to economic growth in as Asia and the Russian Federation. Currently, the annual global consumption of Cu, Pb and Zn is 22.4, 8.26 and 7 million tons, respectively. [1] [2] [3] These metals are usually recovered from their respective sulfide minerals through pyrotechnique. However, due to the non-availability of high grade ore and environmental restriction of the emission of SO 2 , the use of pyrotechnique is decreasing. 4) Accordingly, there has been increased interest in the extraction of metal from complex ores that cannot be treated economically through pyrotechnique. One such alternative to pyrotechnique is hydrometallurgical processing of sulfide minerals. In addition, a number of innovative hydrotechnique, including bioleaching, were recently developed. [5] [6] [7] Bioleaching plays a vital role as an alternative to pyrotechnique due to its inherent low cost and relatively pollution free route. This technique is applied to low, off or complex ores using both heap and tank leaching processes and has widespread applications in the processing of copper, uranium, refractory gold and other precious and semiprecious metals. 8, 9) The chemosynthetic autotrophic microorganisms that belong to the genus Acidithiobacillus are responsible for the dissolution of metals from sulfide ores that occurs during bioleaching. These microorganisms gain energy by breaking down minerals into their constituent elements. Basically, the microorganisms oxidize Fe(II) to Fe(III) and S to SO 4 , which facilitates the transfer of electrons during their respiration process. 10, 11) However, slow leaching kinetics can lead to an increased retention time during bioleaching. Despite this, little improvement in the leaching of minerals has been achieved through molecular genetics; 12) therefore, concerted efforts focused on various parameters that affect the leaching kinetics such as particle size, ore mineralogy, bacterial activity and population and oxygen transfer are required. Several studies regarding the effects of various parameters on individual sulfide minerals dissolution kinetics are available, 13) but little information is available regarding the dissolution kinetics mechanism for complex sulfides. 14) Therefore, this study was conducted to evaluate the role that various parameters play in determining leaching kinetics.
Materials and Methods

Microorganisms and medium
The acidophilic microorganism used in this study was cultured from the effluent pond of the Dalsung Tungsten and Copper Mines in South Korea. The bacteria culture was mixed one grown in 9 K media. 10) Before conducting the leaching studies, the bacteria culture was adapted to the concentrate. All leaching experiments were conducted using 5 days old fully grown cultures.
Characterization of the complex sulfide concentrates
The concentrate was collected from the Victoria Gold Deposits, Makai City, Philippines. The typical chemical composition of the concentrate was analyzed by ICP-MS (JOVIN YVON JY-38) and the major elemental composition is Cu, 13.4%; Zn, 28.3%; Fe, 11.9%; Pb, 1.4%; SiO2, 8.6%; S, 30.7%. The molar density for three minerals like chalcopyrite (CuFeS 2 ), sphalerite (ZnS) and galena (PbS) are 8692, 17698 and 500 molÁm À3 respectively. Physical characterization of the concentrate was conducted by XRD (Rigaku, R4-200) and SEM-EDX (JEOL, JSM-6380LA).
Bioleaching
Bioleaching studies were conducted using an orbital shaker incubator at 180 rpm and a temperature of 305 K. The bacteria culture were inoculated into the leaching media followed by addition of the required amount of the complex sulfide concentrate. The volume of inoculum was fixed at 10% (v/v) having cell count of 10 14 cellsÁm À3 . Such high bacterial count was due to the centrifuged biomass. Respective sterile control experiments were carried out by adding HgCl 2 into the leaching media in order to find out the efficacy of microbial dissolution. Samples were collected periodically to measure various physico-chemical parameters including pH, Eh, and the concentration of metal ions such as Cu(II), Zn(II), Fe(II) and Fe(III). In addition, the concentrations of Fe(II) in the solution were determined by titration using 0.1 N potassium dichromate as the titrant and barium diphenylamine-4-sulfonate (BDAS) as a redox indicator. 15) The concentrations of other metal ions were determined using an Atomic Absorption Spectrophotometer (Perkin Elmer, AAnalyst-400) after suitable dilutions were made. The pH and Eh of the solution was measured using pH-Eh meter (Thermo, Orion-720 þ ). All chemicals used in the bioleaching studies were of analytical grade.
Results and Discussion
Leaching studies were conducted by varying the amount of Fe(II) added, the pulp density and the pH.
Effect of contact time
All experiments were carried out for 30 days. Figure 1 shows the effect of contact time on leaching behavior of Cu and Zn. It was observed that Cu and Zn leaching rate can be classified into two parts such as initial faster followed by slower. The initial rapid rate may have occurred due to easy surface availability or coupling between sphalerite or chalcopyrite, which resulted in the formation of a galvanic couple or both. In case of sterile control containing no inoculums, the leaching rate of Cu and Zn observed to be low compared to that of bacteria leaching showing the efficacy of microbial dissolution. The control data are not incorporated further as the leaching rate of same was very low.
Variation of initial Fe(II) concentration
There are three possible mechanisms that can lead to the bacterial dissolution of sulfide minerals, a direct mechanism, an indirect mechanism and indirect contact. 16) In the direct mechanism, bacteria attach to the mineral surface and the dissolution reaction then occurs through bacterial metabolic processes. In the indirect mechanism, the dissolution reaction occurs through Fe(III), with the bacterial role being limited to oxidation of Fe(II). In the indirect contact mechanism, the bacteria cause an increase in the Fe(III) and acid concentration near the sulfide matrix. It is believed 17) that sulfide matrix dissolution occurs via an indirect mechanism; therefore, the concentration of Fe(III) plays an important role in determining the leaching kinetics.
To evaluate the effects of the Fe(III) concentration on the dissolution kinetics, the initial Fe(II) concentration was varied from 0 to 30 kgÁm À3 while maintaining the pH at 2.0, the pulp density at 5% (w/v) and the temperature at 305 K. The leaching efficiencies of Cu and Zn are shown in Fig. 2 . In all the cases, i.e., sphalerite and chalcopyrite, dissolution reaction increased with increase of initial Fe(II) concentration up to 20 kgÁm À3 and on further increase it showed a reverse trend. In order to find out the reversal of leaching kinetics after a particular Fe(II) concentration, an attempt was taken to evaluate the iron oxidation and precipitation rate. The iron oxidation rate was calculated based on sulfide dissolution under the assumption that dissolution occurred via an indirect mechanism. The iron precipitation rate was calculated based on the chalcopyrite dissolution rate because that was the only iron source available in the concentrate. The iron precipitation and oxidation rates are shown in Table 1 . The iron oxidation rate increased as the Fe(II) concentration increased to 20 kgÁm À3 , after which it decreased. This reversal in the Fe(II) oxidation rate may have occurred due to metabolic toxicity such as an increase in Fe(III) concentration. 18) In all the cases, the pH decreased with time, which indicated that acid was formed, even though iron oxidation should have led to substantial acid consumption. Therefore, the formation of acid during leaching may have occurred due to bacterial oxidation of sulfur, precipitation of iron or a combination of these processes. As shown in Fig. 3 , the Eh in all of the cases increased with time, which suggests that the bacteria produced an oxidative environment. Figure 3 also shows a progressive increase in the Fe(III)/Fe(II) ratio with time, which indicates that there was good bacterial activity during the leaching. Based on these findings, the decrease in leaching efficiency that was observed after a threshold Fe(II) concentration was likely due to the formation of a product layer. The leaching rate of sphalerite was approximately four times greater than that of the chalcopyrite dissolution rate. The low chalcopyrite leaching rate was likely due to its unique crystal structure and its electrochemistry. 19) 
Variation of initial pH
To evaluate the effects of pH, the initial pH was varied from 1.5 to 3.0 while maintaining the pulp density at 10% (w/v), the temperature at 305 K and the initial Fe(II) concentration at 10 kgÁm À3 . The Cu and Zn leaching efficiency both increased as the pH increased to 2.0, after which they decreased (data not shown). In addition, the maximum iron oxidation rate was observed when the initial pH was 2.0 ( Table 1) . As a result, the greatest leaching rate was observed when the initial pH was 2.0. When the initial pH was less than 2.0, the decrease in pH was marginal (0.1 to 0.2 units). However, this decrease was substantial when the initial pH was greater than 2.0 (0.8 to 1.2 units). The Fe(III)/ Fe(II) ratio was high for all cases, which suggests that the bacterial activity was good. As shown in Table 1 , the iron precipitation rate increased as the pH increased; therefore, the higher precipitation that was observed at higher pHs may have had an inhibitory effect on the leaching efficiency.
Effect of pulp density
Pulp density is an important parameter involved in determination of the process feasibility because a greater pulp density enables use of a smaller reactor. In this study, the pulp density was increased from 5 to 25% (w/v) (data not shown). The leaching efficiency decreased as the pulp density increased. This may have occurred due to improper mixing of the mineral particles with the lixiviant or inadequate diffusion of oxygen. The Eh of the samples ranged from 630-660 mV and the Fe(III)/Fe(II) ratio was relatively high, which indicated that the oxidizing conditions were good. As shown in Table 1 , the iron oxidation rate increased as the pulp density increased, which led to good bacterial activity. As a result, there was no shortage of oxygen during leaching. The decrease in leaching efficiency that occurred as the pulp density increased may have been due to an increase in the iron precipitation rate ( Table 1) .
Correlation between iron oxidation and precipita-
tion with leaching Rate It was assumed that the bacterial dissolution of the sulfide matrix only occurred through Fe(III). Under that assumption, the iron oxidation and precipitation rate would play an important role in determination of the dissolution kinetics. The iron oxidation and precipitation rates observed in all of the experiments were plotted against the respective leaching rates of Cu and Zn (Fig. 4) . The results revealed that the Cu and Zn leaching rates were well correlated with iron oxidation, but not with the iron precipitation rates. These findings indicate that there may be some more product layers which determine the leaching kinetics. 18) 
Evaluation of kinetic model
The Cu and Zn leaching rates were found to depend on various factors including pulp density, initial Fe(II) concentration and initial pH. Using the reaction rate the dependence factor for each of the cases were determined and shown in Table 1 . By using the dependence factor the overall reaction kinetics can be predicted.
X-ray diffraction and SEM analyses
X-ray diffraction (XRD) analyses were conducted for the concentrate and the leached residue (Fig. 5 ). The raw material contained sulfide minerals such as chalcopyrite, sphalerite and galena, as well as quartz as a gangue mineral. The leached residue showed various peaks corresponding to different minerals. Specifically, several diffraction peaks corresponding to anglesite were observed. In addition, the were also observed. The formation of Cu-precipitate may have been one of the reasons for the low leaching rate. In addition, a decrease in the peak intensity of sulfide minerals occurred due to partial oxidation during leaching.
The results of SEM studies conducted to evaluate the original materials and the leached residue are shown in Fig. 6 and Fig. 7 , respectively. SEM analyses revealed associations between sphalerite and chalcopyrite and sphalerite and galena, which both formed a galvanic couple ( Fig. 6(b) (c) and (b)(d)), respectively. Figure 7(a) shows the SEM analysis of the leached residue sample. As shown in Fig. 7(b) and (c), the sphalerite and chalcopyrite minerals were not associated with each other, which indicate that the associated minerals had leached out due to the galvanic interaction. Figures 7(d) (e)(f) show the the sulfur, iron and lead product layers, respectively.
Role of product layer
The XRD analyses demonstrated that the leached residue contained various product layers including elemental sulfur, jarosite, PbSO 4 and Cu 2 FeSiS 4 . If the leaching process is controlled by diffusion and the product layer is impervious to attacking species, the leaching kinetics can be written as follows: 20)
where k p = the parabolic rate constant t = time in day x = the fraction reacted Alternatively, if the product layer is porous, then it would not resist the attacking species and the dissolution process would be controlled by a shrinking particle model. 20) Therefore, the kinetic equation can be written as follows when there is a porous product layer:
where k c = the rate constant As a result, the diffusion model requires a plot of 1 À 2=3x À ð1 À xÞ 2=3 versus t, whereas a shrinking particle model requires a plot of 1 À ð1 À xÞ 1=3 versus t. These models are shown in Figs. 8 and 9 , respectively. The R 2 values and respective rate constants of these models are shown in Table 2 . Based on the R 2 values, the product layer model is more suitable than the shrinking particle model for the products evaluated in this study. Also, the linear relationships graphs of the diffusion controlled mechanism passing through the origin or near unlike shrinking particle mode model, which provides further confirmation of the chosen model. Based on the respective k p values, the diffusivity of Fe(III) through the product layer can be calculated as follows: 4) 
where D = the diffusivity of Fe(III), m 2 Áday À1 = the molar density of the respective sulfide ore in molÁm À3 R = the average particle radius, m Fe(III) = the bulk Fe(III) concentration in the solution Dissolution Kinetics of Complex Sulfides Using Acidophilic Microorganisms Table 2 shows the D values for chalcopyrite and sphalerite for different leaching parameters, which were found to be 6:2 Â 10 À12 and 4:7 Â 10 À11 m 2 Áday À1 respectively. Similar diffusivity values have been reported for sphalerite. 4) The low leaching rate for chalcopyrite may have been due to a low diffusivity of Fe(III).
Conclusions
In this study, leaching studies were conducted to evaluate the efficiency of microorganisms in terms of their ability to leach sulfide minerals. Leaching parameters such as Fe, pH and pulp density had a profound effect on the leaching efficiency of the bacteria. Based on the iron oxidation rate, Fe(III)/Fe(II) ratio, pH and Eh studies, the bacterial activity in all of the experiments was good. In addition, XRD analyses of the leached residue revealed the presence of elemental sulfur, jarosite and Cu 2 FeSiS 4 product layers. The formation of a Cu-precipitate may have led to a low leaching rate when compared to sphalerite. The product layer diffusion model equation demonstrated that an impervious layer formed over the reactant. This likely occurred due to the formation of multiple product layers of the reactant. Finally, the diffusivity for sphalerite was found to be more than chalcopyrite. 
